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Abstract 
Subgrade soils are very important materials to support highways. Current AASHTO pavement design procedures recommend 
the resilient modulus (Mr) of subgrade soils or pavement design and analysis. Laboratory repeated triaxial loading tests and 
field falling weight deflectometer (FWD) are two common ways to characterize the resilient modulus (Mr) of subgrade soils. 
The primary objective of this study is to conduct numerical simulations of the resilient behavior of subgrade sandy soils under 
repeated triaxial loading conditions using a commercial discrete elements code, e.g., particle flow code in two dimensions 
(PFC2D). Stress-controlled loading scheme is designed using a commercial DEM code, Particle Flow Code (PFC2D). One 
run with a confining stress of 41.4 kPa and deviator stress of 12.4 kPa is conducted for simulating the biaxial test of sandy 
soils under cyclic loading. Simulation results show that confining stress can be effectively applied to the testing sample. 
However, the error of axial stress is quite large. In addition, preliminary results of resilient behavior of sandy soils under 
cyclic loading are consistent with the classic results in real laboratories. 
© 2013 The Authors. Published by Elsevier B.V.  
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1. Introduction 
Subgrade soils are very important materials to support highways. The current Mechanistic-Empirical Pavement 
Design Guide (MEPDG) (NCHRP, 2004) recommends the use of resilient modulus (Mr) of subgrade soils for 
pavement design and analysis. There are three methods for characterizing the resilient modulus of subgrade soils: 
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(1) conducting Repeated Triaxial Load (RTL) laboratory tests on either undisturbed or re-constituted soil 
samples; (2) back-calculation of modulus by conducting in-situ non-destructive tests such as falling weight 
deflectometer test; and (3) empirical prediction using correlations with soil physical properties. The former two 
approaches are very complex, requiring not only highly trained personnel to conduct the tasks but also substantial 
amount of time and resources in carrying out the data interpretations. The third approach is a much simpler one as 
long as it can adequately capture the effects of influencing factors such as state of stress, moisture content, and 
basic physical properties. The first two ways are commonly used in the pavement engineering community since 
they provide more precise results for resilient modulus. There exist great efforts for characterization of the 
resilient modulus of subgrade soils by first two methods (Coleri, et al, 2010; Khoury, et al,  2011; Malla & Joshi, 
2008; Nazzal & Mohammad, 2010a, 2010b; Park, et al,  2009; Ping & Sheng, 2011; Solanki, et al,  2009; Yang, 
et al, 2008; Yang & Huang, 2007; Zaman, et al, 2010; Nan, 2006) . 
Recently, the distinct element method (DEM), which is also called discrete element method, has been widely 
used to model the mechanical behavior of granular materials. The DEM was first proposed by Cundall and Strack 
(1979) in which a detailed description of the method can be found. Ng (2004a) summarized past research efforts 
that use the DEM approach to model triaxial apparatus. Recently, Ng (2004b) performed a series of simulations 
of granular material deformation using a three-dimensional model of a triaxial cell, ellipsoidal particles and 
special boundary conditions to simulate the confining membrane and the surrounding fluid. Sakaguchi et al. 
(2000) developed a DEM model of a three dimensional triaxial cell that explicitly models the membrane. Uthus et 
al. (2008) used a three-dimensional distinct element model to simulate the resilient response of an unbound 
granular material subjected to sinusoidal loading in a triaxial sample and to compare the simulated results to 
experimental results. 
The main scope of this study is focused on the design of DEM simulation for the purpose of understanding 
resilient behavior (resilient modulus) of subgrade sandy soils under repeated triaxial loading for pavement design 
using a two dimensional distinct element code, PFC2D.  
2. DEM Numerical Modeling 
A biaxial compression test is used to simulate the resilient behavior of subgrade sandy soils under laboratory 
repeated triaxial loading condition. Wall boundaries are used for both lateral and vertical directions of samples. 
During the simulation, four walls are moved at specified velocity in order to maintain the required stresses at for 
boundaries.  A constant confining stress is maintained for lateral direction while cyclic stresses are required for 
vertical direction. This is to simulate the stress controlled testing configuration in laboratory.  A numerical 
servomechanism (FISH function) is adopted to achieve the desired force. The velocity of wall is calculated using 
equations (1) and (2) for each calculation cycle.  
( ) ( )w measured requiredv G G          (1) 





                                       (2) 
where required is given as the target stress which is specified by users and measured  is the measured current 
sample stress.  Specially, for lateral walls it is a constant value and for vertical walls it is a cyclic (dynamic) 
value. cN is the number of contacts on the wall, and 
w
nk is the average stiffness of contacts. A  is the wall area; 
is a relaxation factor; t  is the length of time step during simulation.  
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The input parameters for particles and walls are summarized in Table 1. Four boundaries were simulated by 
rigid walls whose normal and tangential contact stiffnesses are ten times of those of specimen particles. The 
coefficient of friction between walls and particles was set to zero to reproduce ideal experimental conditions.  The 
generated specimen is shown in Figure 2. 
An isotropic compression procedure is followed after the generation of specimen in order to make the stress 
state of sample get to the target value. Then a repeated cyclic loading is applied to both the top and bottom walls 
while maintaining a constant confining stress. To investigate whether of not the designed DEM program can 
effectively simulate the repeated triaxial load conditions laboratory conditions, a confining stress of 41.4kPa is 
tested with a deviator stress of 12.4kPa. The strains and stresses data are exported for post-analysis after testing. 
The axial loading waveform is shown in Figure 3 which is based on AASHTO T307 procedure.  
                    
                                     Fig. 1. DEM specimen after generation                                  Fig. 2. Gradation of grain diameter  
 
  Fig. 3. Repeated loading waveform 
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Table 1. Sample size and material parameters used in the DEM simulations. 
Parameters  Value 
Samples    
Width of sample (mm)   600 
Height of sample (mm)   1200 
Initial void ratio   0.14 
Walls  
Tangential contact stiffness (N/m)  1 × 108 
Normal contact stiffness (N/m) 1 × 108 
Coefficient of friction between wall and particle  Particles   0.0   
Total number in sample   23070 
Density (kg/m3)   1833 
Diameter (mm)   7.5 to 10 (uniform distribution) 
Tangential contact stiffness (N/m)  5.0 × 107 
Normal contact stiffness (N/m) 7.5 × 107 
Interparticle coefficient of friction 0.5 
Grain gradation Shown in Figure 1 
3. Results and Discussions 
One of the biggest challenges for stress-controlled loading to wall boundaries for PFC is the numerical 
servomechanism scheme since the logic of servomechanism is to adjust the movement of walls to reach the 
desired stresses for both lateral and axial directions. The accuracy of servo mechanism greatly affects simulation 
results. The main objective of this study is to evaluate if the designed DEM program can effectively simulate the 
laboratory repeated triaxial loading conditions.  
 
 
(a)                                          (b) 
Fig. 4. Deviator stress-strain relationships: (a) 100 cycles, (b) last 6 cycles 
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Figure 4 shows relationships between deviator stress and strain for the test designed in previous section. It is 
found that the maximum deviator stress of specimen is around 4.5kPa which is less then designed value, 12.4kPa. 
Therefore, it is concluded that the designed servo mechanism is not effective. The possible reason is 1) the 
vertical stress state after specimen compression stage prior to testing is not high enough as to the axial stress 
cannot reach to the designed value in the following testing stage; (2) servo mechanism (FISH function) is not 
accurate. Further investigation is needed to reevaluate the current DEM approach. In Figure 4 (b) the stress-strain 
relationship of last 6 cycle is presented in which the plastic and recovered strain is shown. The stress-strain loop 
clearly shows the resilient behavior of tested specimen and the resilient modulus (381Mpa in this case) can be 
calculated based on the definition.  
 
Fig. 5. Fluctuation of confining stress during simulation 
It is noteworthy that the present study did not conduct the calibration process of the DEM micromechanical 
parameters which is considered critical for any DEM simulations. The current study is to preliminarily investigate 
whether or not PFC2D with wall boundaries can simulate stress-controlled boundary conditions for the purpose of 
resilient modulus testing for sandy soils, which is not reported in the literatures. Existing studies use either ball as 
boundaries for stress controlled loading or wall as boundaries for strain controlled loading. Future research 
includes 1) a robust calibration process of the DEM micromechanical parameters; 2) the design of a more 
accurate servo mechanism, and 3) comparison with the resilient modulus from laboratory repeated triaxial load 
conditions.  
4. CONCLUSIONS 
The present paper reports the preliminary results of simulation of resilient behavior of sandy soils under 
repeated loading using the distinct element method (DEM). Rigid walls are used as boundaries in the specimen. 
Stress-controlled loading scheme is designed using a commercial DEM code, Particle Flow Code (PFC2D). One 
run with a confining stress of 41.4 kPa and deviator stress of 12.4 kPa is conducted for simulation the biaxial 
testing of sandy soils under cyclic loading. Simulation results show that confining stress can be effectively 
applied to the testing sample. However, the error of axial stress is quite large. In addition, preliminary results of 
resilient behavior of sandy soils under cyclic loading are consistent with the classic results in real laboratories.  
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